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I. SOLAR RADIATION SIMJLATION 

A. INTRODUCTION 

Acnievement of tne nigh reiiabiiity and long i i fe  whicn are 

eseent ia l  t o  successful spacecraft requires c a r e f a  design and 

thorowh, well-plmned testing programs. An important part of 

such t es t ing ,  required f o r  both prototype qualification and f l i g h t -  

un i t  acceptance, involves the exposure of complete and operating 

spacecraft  t o  simulated space environments. Vacuum, cold-space 

background (heat sink), solar radiation, planet albedo ond thermal 

r ad ia t ims ,  ~hock ,  vibration, meteoroids, recluced gravity, e t c  . , 
a l l  cons t i tu te  important elements of the space-fl ight environment. 

It is not feasible at the  present time t o  construct test f a c i l i t i e s  

i n  which a l l  of these influences can be simulated simulteeously,  

but various studies have sham that  it is prac t ica l  (as w e l l  as 

necessary) t o  include vacuum, heat sink, solar radiation, planot- 

re la ted  radiations,  and possibly one o r  two others. 

This chapter i s  devoted en t i re ly  t o  the  problems of simulating 

so la r  radiation, and it describes some of the equipment and techni- 

ques which are being used o r  considered for  t h i s  purpose. It must 

be appreciated at the  outset ,  however, that the  state-of-the-art  i n  

solar simulation techniques is only now evolving-this in spi te  of 

t h e  f a c t  that several  large f a c i l i t i e s  are nearing completion. 

Meaningful experience and demonstrated performance are s t i l l  ex- 

treneky l i m i t e d  making detai led assess~uents of equipment and 

meth& premature. 

developed have proprietary aspects, and de ta i l s  concerning them 

Furthermore, many of the  systems now being 
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are, therefore, often not available. 

In view of these matters, the approach here w i l l  be to try 

t o  indicate what  nee36 to be accomplished by eolar simulation, 

and then to illustrate the complexity of the problem and the 

diversity of propose4 solutions by describing some specific con- 

figurations and equipment, rather than to try to formulate general 

design information. 

, I I  . .  ., 

i 
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9. SPACECRAFT THEiMAL COITTROL l'IE3TING 

Experimental invest igat ians  of t he  heat balance an5 tcnpera- 

t u r e  dietr ibut ions of spacecraft  cans t i tu te  some of the most 

important applications of space simulation f a c i l i t i e s .  Thls i s  

because engineering calculations of these charac te r i s t ics ,  f o r  all 

except the simplest examples and configurations, are extremely 

clifficult t o  formulate and carry ou t .  

account for i n t r i c a t e  in t e rna l  power dis t r ibu t ion  s y s t e m ,  and 

be able t o  handle a large nmber of complex conductive and radia- 

t i v e  in te rac t ions  between various spacecraft  subsystems and cam- 

ponents. Furthermore, necessary d.eta such RS t he  thermal radiation 

Such calculations m u s t  

properties of materials and coatings o r  j o in t  conductances are 

often unavailable or  inaccurate i n  p rac t i ca l  applications,  and 

they can only Be determined or ver i f ied by experimental procedures. 

A t  various stages of a t h e m 1  design t e s t s  may be Carrie4 out 

on assemblies or portions of a spacecraft, but the  com>lexity of 

t h e  interact ions 13 so great that it i s  usually reijarried 2s necessary 

ul t imately t o  place the  e n t i r e  spacecraft i n  a c'hanber. This re- 

quirement combined with overall systems tes t  procedures, estajlishes 

t h e  need f x  at least sone relativelar large t e s t  facilities. Per- 

haps these remarks can be more fully appreciated i f  one visualizes 

a typical spacecraft configuration such as t h e  Kariner shown i n  

Figure 1. 

TBchniques using s c d e  nolle16 have not been developed, nor 43 

they appear to offer much promise because of the cgmTlex nature of 
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the heat t ransfer  paths within a spacecraft and hecause of the 

necessity for representing on-board energy 80urces. 

Two basic f a c i l i t y  concepts and tes t  technique6 have been 

developed. I n  both of these, the test is conducted in a vacuum 

chamber t o  eliminate conductive and convective heat transfer and 

t o  a8sure radiative exchanges only. For simple perfonnance testing, 

it is  only necessary t o  produce t h e  predicted temperatures in the 

spacecraft. This can be accomplished by the use of heaters of 

variours types combined with control of Che chamber w a l l  tempera- 

ture, typical ly  i n  the m e  between -65’~ and 100°C. Rowever, 

f o r  conf5guratfim r 2 e v e l . w  SQId thennal design studies the  solar  

flux must be sirnulated, and the walls m u s t  be cooled t o  a 

suf f ic ien t ly  low temperature (typically t o  about lOOoK by means 

of liquid nitrogen) t o  s b u h t e  the  cold-space background. 

Here we are  concerned principally w i t h  the second of the  
I’ 

t e s t ing  techniques mentioned above, and i n  par t icular  with t he  

equipment and methods used i n  provifiing simulation of the solar 

thermal radiation. 
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C. C!FWWT~ISTICS OF SOLAR RADIATION 

The solar energy flu incident on a spacecraft can be described 

by its intensi ty ,  spectral d i6 t r ibu tkm,  uniformity, and colli- 

mation. Obviously, because of the  great distances involved, t h e  

solar f lux is completely uniform as viewed by any conceivable 

spacecraft .  The collimation a l so  is nearly perfect,  it being 

defined by the f ac t  t ha t  a t  Earth's o r b i t a l  distance, t he  sun 

subtends an angle of only 32 mlnutes. 

f o r  V ' I S  and Venus are 20 minutes and 46 minutes, respectively. 

The corresponding figures 

The bulk of the  energy i n  t he  s o l a r  spectrum l ies between the  

wavelength limits of 0.28 and 5.0 microns with only about 0.5% 

of t h e  energy lying beyond each of these limits. Approximately 

9% of the t o t a l  energy is in the ultra-violet at wavelengths 

shorter than 0.40 microns; 465 is i n  the v i s i b l e  range from 0.40 

t o  0.76 microns, and 45% is i n  the Infra-red range beyond 0.76 

microns. 

t h e  atmosphere are plot ted in Figure 2, and detai led information 

W i c a J  spec t ra l  d i s t r ibu t ion  data for conditions outside 
I 

and t abular  data are available i n  References 1 and 2. 

As has often been pointed out, the v i s i b l e  and infra-Ted por- 

t ions  of the solar spectrum are well approximated by the  radiat ion 

from a black body at about 6,oo0DIc. 

Solar radiation at the Eaxcth's surface d i f f e r s  from that outsi4e 

the atmosphere i n  that the ul t ra -v io le t  and some portions of the 

infra-red are largely removed, and the t o t a l  in tens i ty  is reduced 

t o  about 75$ of i t s  incident value by atmospheric absorption. 
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The t o t a lhne rgy  falling on a unit area is equal t o  the area 

under the spectral distribution curve (Figure 2 )  and has the value 

0.140 n t t a / c m  (130 watts/ft ) at the mean distance of the Earth 

from the sun. 

i n  accordance with t he  inverse square law. 

orbit of MEWB wmld eqerience an intensity of about one-half 

this value, an8 one near the orbit of Venus, would find the in- 

tensity nearly twice as great as at E a r t h .  

2 2 

The idmsity varies with distance from the sun 

A spacecraft near the 
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I>. DPSIc,rlr CRITERIA FOR SOLAR SIIWLATION SYSTEbS 

A t  the present t i m e  the  design and construction of large-area 

so l a r  simulation systerns is  8 ? l f f l cu l t  task. As t h i s  i s  written, 

actual  operating experience with large systems is s t i l l  extremely 

limited, and many of t h e  important design concepts being considered 

have not yet been fully demonstrated. 

enable deeigns sa t i s fy ing  a11 desirable c r i t e r i a ,  and a number of 

compromises involving tradeoff's mmg uniformity, col l imat im,  

in tens i ty ,  and spec t r a l  distribution a r e  usually require3. For 

example, test applications involving solar energy concentrators 

would stress collimation over uniformity, whereas in tests of 

large assemblages of 60lar cel ls ,  Just  t h e  reverse would be t rue .  

Collimation is i m p o r t &  i n  heat balance and temperature d i s t r i -  

bution tests because it affect6 the  locations and i n t ens i ty  of 

shadows on the  spacecraft, determines t h e  amount of energy incident 

on surfaces which m e  intended t o  be aligned with the sun's rays, 

and influences t h e  ref lect ion patterns between spacecraft  parts. 

Such ef fec ts  are probably especially important fo r  spacecraft 

types which are characterized by open s t ruc tures  and appendages, 

as contrasted with more or  l e s s  enclosed bodies. I n  some instances 

one of t h e  most important compromises may involve improved c a l l i -  

mation with a reduction in intensi ty .  

The state-of-the-art  does not 

The spec t r a l  d ie t r ibu t ion  of the incident energy is important 

because many spacecraft materials a re  spec t ra l ly  select ive,  heving 

absorptivities which are strong functions of the wavelength. This 
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Unif orni ty: 
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Collimation: 

matter is discussed i n  more d e t a i l  later i n  connection with t h e  

description of avai lable  energy sources. 

I t  is not reasonable at th is  t i m e  t o  s e t  .lam def in i t ive  

c r i t e r i a  or epecifications f o r  solar simulation systems i n  

general because, as already remarked, these would not be t h e  sme 

f o r  a l l  intended applications. 

attainable should improve 3uring the  next few years. 

however, help t o  f i x  ideas t o  s t a t e  brief ly  some of the general 

objectives which are being sought o r  which are considered 86 

a t ta inable  at the present time. 

Furthermore, the performance 

It will, 

For Earth orbi te rs  and 1una.r epececraft the 

in tens i ty  requirement is 130 watts/f't . 
interplanetary spacecraft the i n t ens i ty  should 

be variable, the requirements a t  Mars m d  Venus 

being, respectively, approximately half m d  

twice the value above a t  Earth. 

*5$ t o  *10$ appears t o  be at ta inable ,  measure4 

with a detector having a sens i t ive  area of 

about 1 foot square. It is desirable  t o  achieve 

*5$ uniformity t o  a 3etector of only 2 o r  3 

inches on a side. 

Some systems have as an objective about *l degree, 

and sane users fee l  t h a t  they need this or  be t te r .  

€Iowever, others consider *2 or  3 degree6 a.a 

acceptable and more r e a l i s t i c  of attainment. 

2 For 
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spectrum: Specifications of t h i s  feature generally are 

not precise because once the energy source and 

confi,gu-etion is selected, the  spectrum WiU. 

be whatever it turns out to be unless f i l t e r i n g  

is employed. Desirable specifications would 

require energy content i n  0.1 micron wavelength 

intervals  t o  be within *5$ t o  *l& of that i n  

t h e  corresponfiing Interval  of the so la r  spec- 

trum throughout the range f r o m  about 0.3 t o  1 . 5  

microns. 

at  longer wavelengths. 

Greater deviations would be pencissible 

Simulator s i z e  an& expected t e s t  durations are  other mtters which 

may have inportant influences on the design of a system. 

question of size,  it can be remarked that applications vary widely  

from laboratory devices irradiating only a few square inches to large 

environmental chambers pelhgps a hundred fee t  or more i n  diameter. 

A number of the present generation of large chanbers tu rn  out t o  

be about 25 t o  35 feet i n  diameter with planned areas of irradia- 

tion about 20 feet in diameter. 

On the 

Test durations, that i s  periods of continuous simulator opera- 

tion, are expected t o  vary from a few hours t o  rimy days f o r  

qual i f icat ion an2 l i f e  t e s t s  of f l i gh t  spacecraft. 
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E. 1IEsIOFi OF SOLAR SIMULATION SYSWS 

1. EkmpLes of Proposed Configumtions 

Since stendardized designs and design procedures have not yet 

appcared i n  t he  solar Primulation f ie ld ,  the present state-of-the-art 

is best described by examples of systems being b u i l t  or proposed 

fo r  current space simulator projects. These will i g t r a t e  the  

complexity some of the problems involved and demonstrate the nature 

of some of the solutions beiw atteqtefi. It should be appreciated 

that nost of the  systems under developent  still have proprietary 

ac 
I\ 

aspects, and some d e t a i l s  about them are, therefore, not available. 

me first example chosen is the original* design for the 25-Foot 

Space Simulator at the Jet Propulsion Laboratory, Pasadena, CBlifornia. 

This system i l l u s t r a t e s  a number of i m p o r t a n t  points, and is the  

one t o  which the writer had access f o r  t he  grea tes t  amount of de ta i l .  

The JPL facility and the solar sirnulatian system are s h m  schema- 

tically i n  Figures 3 and 4. Photographs of several  de t a i l s  appear 

i n  Figures 5 through 9, Inclusive. The configuration consists 

basically of two Cassegrainim mirror systems placed back t o  back 

with a quartz transfer lens between them. 

sists of an array of 131 2.5-m mercury-xenon compact-arc lam- (Fig- 

ure 6). 

flector assembly (Figure 5 ) ,  which collects the radiation and direc t s  

it Clownward. 

is actually a group of 19 =-inch r3lameter f l a t  stainless s t e e l  

1 

The radiat ion source con- 

Each lazap is housed i n  its own 16-inch diameter glass re- 

The upper mirror, ra ther  than being a continuous surface, 

* Recent modifications have been conpleted an4 will be described 
later . 



mirrors. 

The flats d i r ec t  t h e  light upward to the pseudo-hyperbola (Figure 7)$ 

Each receives t h e  l i gh t  from a cluster of seven lamps. 

m d  th i s  assembly is image4 by the 3-foot cllarneter quar tz  transfer 

lena onto the  virtual source inside t he  vacuum chmber. 

The virtual source assembly (Figure 8) is  about 30 inches i n  

diameter, and is covered with sane 1,150 small convex re f lec tors ,  

or "pebbles" as they a re  called.  Each small r e f l ec to r  is shaped 

t o  r e f l e c t  t he  light which f a l l s  on it t o  all parts of the  ins ide  

parabolic re f lec tor .  

a uniform test beam even though the beam incoming t'nrough the lens 

i s  not uniform. The "pebbles" are shaped also t o  compensate f o r  

the in tens i ty  fall-off which occurs toward the  outer portions of 

parabolic re f lec tors .  The shadow of the  virtual source which would 

occur on the  axis of the test beam is f i l l e d  by allowing some l i g h t  

This feature  of t h e  virtual source results i n  

to pass through a cent ra l  hole and then re f lec t ing  it in a secondary 

system similar t o  the primary virtual source and paraboloid. 

The 25-fod diameter parabolic mirror on the  inside of the 

chamber (Figure 

piece is supported and adjusted by th ree  rods an3 is cooled by 

conduction through brained copper cables to cold gaseous nitrogen 

9) is a mosaic camposed of 324 pieces. Each 

Piping 1 

I l l i s  system was designed and constructed by a contractor to 6. 

simple functional specification. 

furnish approximately venus intensity (275 ua t t e / r t  ) t o  a 15-foat 

diameter t e s t  zone with a uniformity of *lo$ and a collimation of 

a5.3 degrees for the extreme rays with half of the  energy within 

It was originally intended t o  

2 



*3 degrees. However, during the design, it was found that  these 

performance characteristics could not be achieved within t h e  con- 

e t r a i n t s  of cost, schedule, C t c . ,  and they were rndlf ied t o  200 watts/ 

f't' on an 11-foot diameter. 

s p i t e  of its apparent sophistication, did not achieve even t h e  

reduced obJectives i n  t e r n  of uniformity and intensi ty .  The 

configuration has s ince been modified on a temporary basis by JPL 

t o  concentrate t he  available energy into a 5-foot diameter t e s t  

beam. 

to  direct the energy t o  a smaller region of the collimating para- 

bola. 

thus producing an off-axis t e s t  beam and avoiding the  shadow under 

the  v i r t u a l  source. 

are shown in Figure 10' 

Unfortunately, the  system 8s built, i n  

This modification required redesign of the  virtual source 

A t  the  same time the vix%ml source was tipped a few degrees 

In tens i ty  surveys through the resulting beam 

A quite different arnrngement appears in Figure 11, which shows 

t h e  system planned (Reference 3)  f o r  t h e  General Elec t r ic  Company's 

Space Environment Simulation Laboratory at Valley Forge, Pennsylvania. 

This simulator is intended t o  f m i s h  Earth-orbit in tens i ty  (130 watts/ 

f t  ) i n  a 20-foot diameter beam with a uniformity of &5$ and a c o l l i -  

mition of *1.5 degrees. 

2 
4 

The energy is supplied by 148 5-KW xenon arc lamps clustered 

i n t o  four groupe as shown. Reflective and re f rac t ive  optics a re  

use4 to collect the energy and di rec t  it through the chamber w a l l  

t o  i l luminate the  four off-axis parabolic sectors  i n  t h e  dome of 

the chamber. The light is theR ref lected downward i n to  the  t e s t  zone. 
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The lamp ref lectors  for thls system are  rather complex, multi- 

zoned e l l i p s o i h .  This complexity is required to f i t  the re f lec tor  

to the finite s 1 z d  me, and tn furnish a suitably noc-uniform beam 

t o  t h e  collimating mirrors 60 that upon reflection, a bean of uni- 

form in tens i ty  w i l l  result. 

A s imi la r i ty  wlll be noticed in the  3PL and (3E systems i n  that 

in both systems the energy from many lamps is collected an4 super- 

imposed to form a re la t ive ly  large and concentrated source. The 

energy is then spread again by collimating ref lectors  to i r r ad ia t e  

a large area. By contrast, same systems employ a nulti-modular 

concept i n  which each lamp illuminates a small zone di rec t ly  beneath 

or opposite it in the t e s t  volume. The systems shown i n  Figures 12-14 

are a l l  of thislatter type. 

F awing of the solar simulator 

mo4ule being developed for the Goddard Space Flight Center at 

Greenbelt, Maryland. These mdules incorporate 2.5-KW mercury-xenon 

arc lamps, and t he  conrplete f a c i l i t y  will employ 127 such u n i t e .  The 

performance objectives of this system are  as follows: 

Intens itx: Variable f r o m  50 watts per square foot t o  130 

watts per square foot. 

Uniformity: *lo$ over any one square foot, 

Collimation: *4 degrees half angle. 

Tes t  zone size:20 foot diameter c i r c l e  overal l  with the  con- 
ditions stated above i n  a 17 fqot diameter, 
20 feet high, cylindrical  volume. 



This module has been designed t o  accept a 5-kW lamp also; t h i s  

change would be expected t o  approximately double the  maximum 

Intensity available. It has been found t h a t  tne  ellipsoidal re- 

f l ec to r  must be made and located very accurately f o r  sa t i s fac tory  

results. It is expected that these w i l l  be manufacture3 as thin- 

film epoxy replications. The condenser and re lay lenses are  mafie 

of the  best opt ica l  grade of quartz.  

quartz and of course has a ref lect ive coating. 

Tne hyperbola a lso  i s  made of 

The parabolic 

collimating ref lectors  are  electroformed. 

A so lar  simulator module utilizing a carbon-arc as an energy 

~ o u r c e  is shown i n  Figure 13 (Reference 4). 

developed for use i n  the  Kark I Aerospace Environment Simulator 

This module has been 

which 3s being constructed at *he U. S. Air Force Arnold W i n e e r l  

ing BeveleQBlent Center, Tullahoma, Tennessee. 

a uniform, colfimted beam of Earth orbit intensi ty  (130 watts/ft ) 

The module produce8 
2 

i n  the form of a hexagon measuring 24 inches across t he  corners. 

t h e  Mark I f a c i l i t y  these modules w i l l  be arrmged t o  direct  their 

In 

energy through the siiewsLl of t h e  chamber. I n i t i a l l y  77 nodules 

will be nested t o  irrrzdiat&. an area 5 feet wide by 32 fee t  high. 

As can be seen i n  the figure the  optics are rether complex an3 

combine both re f lec t ive  and refract ive elements. Approximtely 

one-quarter of the  energy is transmitted through the central  re- 

f rac t ive  elements, a.nd t he  remainder is collecte5 by the re f lec t ive  

system. A ring-shaped mercury-arc tube, some 4 inches i n  diameter, 

is mounted just i n  frmt of the f i e l d  lens. 

lamp is t o  provide su2plementarj ult ra-violet  energy since the 

The purpose of t h i s  
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carbon-arc radiat ion is deficient  i n  t h i s  spectral range. 

highest quality opt ice l  components are used throughout. 

The 

Two 

sapphire lenses are used alang with quartz i n  the re f rac t ive  system 

t o  reduce chromatic aberration and pass t h e  wide s p e c t m .  

entrance window t o  ihe vacuum chamber is also of sapphire, $-inch 

The 

t h i ck  and 4-inches i n  diameter. 

The performance objectives for this system include in t ens i ty  

uniformity of *5$1 and collimation of *0.75 degrees. 

A carbon-exc uni t  capable of unattended operation f o r  a 24-hour 

This period has been designed for w e  i n  t he  module (Reference 5).  

requires a mechanism t o  automatically jo in  and feed posi t ive car- 

bons t o  t h e  arc. 

t o  give -Bay of Q p e r a t i c l a z  before replacement . 
The negative electrode i s  of suf f ic ien t  length 

Still another configuratim f o r  a so la r  simulation system is 

shown-ically in Figure 14. The concepts ouggested here, 

together with other  features  of the energy col lect ion and projection. 

systems, are under developnent by Space Technology Laboratories, Inc ., 
Redondo Beach, California. Like two of the  systems describe6 pre- 

viously, t h e  STL configuration involves a modular design, and like 

the Mark I design it enploys carbon-arcs as energy sources. 

portant difference, however, is t h a t  the STL design provides off-  

axis collimators, whereas t he  other two moduZar systems described 

employ on-axis optics.  The perf'ormance objectives of the  STL 

system Include in tens i ty  uniformity of *lo$ and collimation t o  *1 degree. 

An im- 
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2. Discussion 

The se lec t ion  of solar simulation configuratiomdescribed 

above ira not intended as all Inclusive, but rather to illustrate 

and emphasiee the  wide var ie ty  of concepts which are under con- 

sideration. The examples s~&5@8t various ways i n  which optical 

systems f o r  solar simulators be claeslflecl: 

a. Systems may use principally r e f l ec t ive  or  re f rac t ive  

op t i ca l  elements . 
b. Sources be either on-axis (JTL, GSFC, Mark I) or 

o f f - a ~ i s  (GE, sn) .  

C. Large systems can be assembled e i t h e r  by col lect ing t h e  

energy f r o m  many lamp and superimposing it t o  form effec- 

t i v e l y  larger sources (such as JPL and GX), or m a t i -  

modular nrrangements are possible i n  which each individual 

lamp il luminates its own zone ( a s  i n  the GSFC, Mark I, and 

STL configmatiom.) 

How these various possibilities are combined will depen4 on a number 

of factors,  including the follbving: 

a. The overal l  s i z e  of the  system to be bui l t .  

b. The in tens i ty ,  uniformity,  and collimation required i n  

the radiat ion beam. 

C. The type of lamp o r  other energy source which is selected. 

d.  The costs involved and the construction schedule. 

e. The state of development of needed components. 

, 
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A f e w  brief coments will suggest 3ome of the  considerations 

which arise: 

RePrRct-Lve o@,ical elements must be made of t h e  highest Grci?es 

of quartz In br4er t o  withstan3 heat lon3s and to  r e t a in  a reasonable 

degree of energy transmission throughout the  spec t ra l  range. Ltwge 

re f rac t ive  elements or  numerous elements f o r  l u g e  systems become 

very expensive. Furthermore, they usually Introduce d i f f i c u l t  seal- 

ing and cooling problem. Reflective elements, on t h e  other hmc]., 

are r e l a t ive ly  Inexpensive, and they  w e  not par t icu lar ly  l i m i t e d  

PLG t o  s ize .  Tnis is not t3 Imply, hmever, t ha t  accumtc shapes, 

high r e f l ec t iv i ty ,  and d u r a b i l i t y  are easily achieveg. 

Off-axis sys tem have been oroposc? i n  both large sizes  m?. in 

multi -modular arrangements. "hey have M ativantege over on-axis 

systems in avoiding t h e  shniow create3 by the source i n  the  center 

of the beam. A further very i m p o r t a n t .  point falroring o f f -x i i s  
I 

cystems is t h a t  they mininite the problem acsocieted with the 

return of enerm t o  t h e  test item which Iras previously ra4iate3 or  

reflecte4 by it. 

Diff icu l t ies  with radiation continuity an1 un i fona i ty  can be 

expecte?. a t  the edges of adjoining beans, en? of course, the 

opportunities for  such d i f f i c u l t i e s  t o  appear are m r e  numerous with 

multi-mo?W.ar systems than with those t h a t  c3 l lcc t  ant then sprea4 

t he  energy from m a n y  lamps. S;rS:cms of the latter type have a 

further advantage over the multi-modular types i n  that variatidns i n  

lamp cha-mcteristics from lamp t o  lamp, or  even complete failures 



of lamps, have only a small effect on the intensity and uniformity 

af' the ultimate bean, 

em be controlled simply by selecting the proper number of lemps, 

In favor of multi-modular arrangements, m the other hand, is the 

fact that only as many modules a8 required t o  cover the test item 

need be used, thus saving wear and tear on unneeded units, and 

minimizing the heat load on the cryogenic system. 

In addition, intensity i n  t h e  test beam 

These questions of the advantages and disadvantages of the 

v a r i o u  methods of solar eimulatian which have been undertaken 

could be examined i n  considerably greater detai l ,  but it i s  pro- 

bably not profitable here to do so. 

opinions about the best system a8 there are simulator projects 

an3 people lnvofved. Rowever, until sane of the system have 

been completed, and actual operating experience has begun to 

acc11Pttilett, many of the supposed advantages and disadvantages of 

different systems w i l l  k n  somewhat matters of conjecture. 

There are nearly at3 many 



F. =CY SOURCES FOR SOLAR SINITLATION SYSTDG 

A t  t h e  present time the greatest  obstacle t o  t he  design of 

e f f i c i en t  and effect ive so la r  sirnuletion systems i s  the  unavaila- 

b i l i t y  of su i tab le  energy oources. The only prac t ica l ly  available 

sources a re  the  carbon-arc an3 t he  xenon an4 mercury-xenon compact- 

a r c  lamps. A l l  of these lamps were ?eveloped originally f o r  

signaling, searchlight, and movie projection purposes. Although 

they have unlergone slgnifican2 devt lopent  fluring the  past year 

or  two, they s t i l l  do not provide as coc;pact and intense sources 

a s  are neede?. Other types of high-power arcs,  plasm j e t s ,  an3 

even pools of molten metal, have been considered as possible 

sowccs,  but the packaging, control, and prac t ica l  application of 

these have cot been demonstrated. 

1. gescriptions of Arc Lamps 

Carbon-arc lanps are available i n  several  sizes up t o  about 

The larger sizes cost $5,OOO-$8,OOO each inclul ing t h e  
- -  -....... _.. ._ ~ 

12KJ. 

essen t i a l  accessories. 

of tne  e l e c t r i c a l  input appears a:: m i i a t i o n  a113 that of t h i s  

A ressonszble es t ina te  i s  t h a t  30-35$ 

7c:rhaps 75’. can be collected as the input t o  a so la r  simulation 

system. The car5on-arc lamps suffer  from the  disadvmtage tha t  

they e re  large and cumbersme t o  handle an0 operate, an1 provision 

xiust be mde t o  remove, by blowing o r  suction, the dust an3 ash 

which result from t h e  burning sn? which would otherwise coll.ect 

on the opt ice l  surfaces. 

about 20 ninutes i n  some rndels and up t o  an hour i n  o thers .  This  

Electrode bu-mlng t ines  are limited ta 

difficulty is being overcome by the 3evelopnent of automatic elec- 

t rode  changing and fee3 mechanisms which Kill provide UT to 24 
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hours of continums lamp operation without atLention. I n  s p i t e  

of these difficulties the carbon arcs are a t t r ac t ive  sources 

because, as vi11 Sc Biscunse3 later, they offer a.n excell-ent 

spec t ral  d l  s t r i  but i an. 

The compact-arc lamps (Figure 6 and References 6 and 7 )  

consist  of a quartz envelope containing xenon at e pressure of 

several atmospheres an< mercury also i n  60me madels. ?'he arc 

discharge takes  place between tungsten electrodes which are 

separate4 by several  millimeterc, t he  eract dimension &pending 

on the  design an3  pomr rat ing of the 1.m~.  These lamps a re  

becoming avai lable  i n  n large va r i e ty  of models from several m u -  

facturers .  For solar simulation applications the  models w i t h  power 

ra t ings from about 2 t o  5 KW a re  t h e  most useful at the  present 

time. Experimental lmps up t o  lOKW have been bui l t  an4 could 

become of considerable in t e re s t  if  t h e  a rc  m.3 bulb dlmensions 

can be held suf f ic ien t ly  small. The compct-arc LFunps are rela-  

t,.ively e f f i c i en t  i n  t h a t  npprosfmately 50$ of the  e l e c t r i c a l  input  

is  radiate4 I n  t h e  spec t ra l  range from 0.2 t o  1.4 microns w i t h  

addi t iona l  energy a t  longer wavelengths . 
Prac t ica l  experience i s  insuff ic ient  a0 yet  t o  es tabl ish t h e  

l i f e  of these lamps i n  solar simulator applications. The bulbs 

age by darkening of the quartz envelope, causerl priocipally by 

fieposition of dlectrode material. A decrease i n  useful output 

of about 25% defines 8 reasonable l i fe ,  and it is estimated that 

perhaps 500 t o  1000 hours of operation can eventually be realized. 

Replacement lamps cost  i n  the range of $300-850 depending on type 
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and power rating. 

The number of lamps required an3 t he  power consumed by a 

large s i m i a t o r  are considerzX.c, mr~rR1.1 ef f ic ienc ies  ( Liiat 

is, the r a t i o  of useful radiant power delivered t o  the  t e s t  zone 

t o  t h e  e l e c t r i c a l  power input) w i l l ,  ju3giag from prcsent designs 

and experience, apparently not; excee4 about 5s .  This fi,aure 

correspon9s t o  somcwhat more than one 2.5 KW lamp per square 

foot of t e s t  zone at  Earth intensity.  

2. Tmportmce of the Ra3j.ation Spectrum 

The s p e c t L m  of t he  e n e r a  delivered t o  the t e s t  zone is 

quite important, 

r e su l t s  from a belance between incoming and outgoing e n e r a ,  

The sources of inconing energy include nearby re f lec t ing  ml 

emitting bodies, on-board power dissipation, and t h e  energy 

absorbed from di rec t  solar railfiation, 

that radiate4 t o  "cold, black" space, which for prac t i ca l  pur- 

poses i s  at about 3OK. Neglecting for simplicity a l l  inputs ex- 

cept the absorbed scdar mdiotioa, t h e  energy balance is expressed, 

The equilibrium temperature of o. spacecraft 

--__ 

i 
The out@ing energy is 

in very simplified form, by 

or 

w h e r e 7  e effective surface temperature of the  spacecraft 

E = in tens i ty  of the solar radiation 

As = radiat ing surface area of t he  spacecraft  

= pmgected area of the spacecraft intercepting ra3iant enerc j  

o( = spacecraft surface absorptivity fo r  solar radiat ion 
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E 
Q- = Stefan-bltzman constant 

= l o x  temperature surface emissivity of t h e  spacecraft 

.The p u i y s e  here is nerely to show t h e  dependence of the  

spacecrsf t  temperature upon t he  ratio of t h e  solar absorpt ivi ty  

t o  the low-temperature emissivity, that is upon t h e  familiar 

quantity x/c. 
naterids a.nd treatments i n  a range from about 0.4 t o  10, but 

t h e  point of p r t i c u l a r  Gignificance f o r  t he  m m n t  is that f o r  

many materiels o( is a strong f b c t i o n  of t h e  uavelcn&th of the  

incident radiation. 

M '  value of /€ 4eptnds upan t he  overall spec tm. .  

This r a t i o  may be var i ed  by the  choice of surfece 

Consequently t n e  e f fec t ive  or  integrated 

Typical spectral d a t a  for several sources are shown i n  Figures 
__ __ 

b m  nu- 

f ac tu re r ' s  bulletins, and the condi t ims  of measurement, as far 

a8 they are known, are noted on the figures themsclves. 

shows the  s p e c t m  obtainable from a t y p l c a l  carbon-arc lamp, and 

Figures 16 and 17 show spectra f o r  mercuyj-xenon and xenon compact- 

arc lamps, respectivelj.. 

d i r e c t l y  with the solar spectrum as shown i n  Figure 2. 

of t'nese f igures  t h e  lamp data have been scale3 i n  such a way t h a t  

t h e  t o t a l  energy represented ( tha t  Is t he  area under t he  cum.) '  

up t o  1.4 microns is same as that for thc  solar spectrum out to 

F i s r c  15 

These dist r ibut ions may be compared 

In  each 

2 1.4 microns (namely, 0.120 watts/cm ) . 
Accuracy and consistency in data such as these &re d i f f i c u l t  

tQ achievc, The measurements are d i f f i c u l t  at best, involving 

elaborate  instrumentation and techniques. Furthermore, the  results 
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depend on what part of the  a rc  is  vietred, wliat lenses and reflec- 

tore have been involved, how much electrode radiation is include?, 

e tc .  Cotisequently, data obtained from different l n d i v i h a l s  o r  

laboratories often differ somewhat 

Certain features, however, are characterist ic.  The mercury- 

xenon larnps are relatively too intense i n  the ul t ra -v io le t  and 

v i s i b l e  range up t o  abuut 0.60 microns, and too  weak i n  t h e  range 

from about 0.60 to 1.0 micron. Xenon lamps, on the other  han3, 

furnish considerably too much energy i n  the  near infra-red range 

(0.8 to 1.1 micrcne) and are deficient i n  t he  ultra-violet and 

visible. Bath t h e  mercury-xenm and xenon spectra contain a 

nurzbber of intense l ines  which do not  appear in the form of data 

have n3 great significance in themselves as long ELS the  enera 

they contain is inclu4ed i n  the average8 intervals  as shown. 

The carbon-arc spe?ctmm appears t o  be a continuum without 

mnng intense l ines .  Its characterist ics depend i n  part upon t h e  

type of carbon electrode used and upon the composition of t h e  

electrode cDre material. The similar i ty  of the  energy distribu- 

tion t o  that of the sun is evident. 
/ 

It is important t o  recogqize of course t ha t  lamp spectra are 

only the starting point as far as a solar simulator 3esign is 

concerned. 

selective i n  their  reflecting and transmitting pmperties as a 

function of wavelength, and t h e  spectrum i n  the test area can only 

The optical-components i n  any system K i l l  be somewhat 
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be est1mate.f a f t e r  takiw rtccount of these. For example, tine 

r e f l e c t i v i t y  of aluminized surfaces is 0.95 or  nigher in much of 

t h e  spectral range, but it f d l 5  t o  a h u t  0.85 near  0.8 microns, 

which happens t o  coincide approximately w i t h  t h e  peak in t he  xenon 

lamp s p e c t m .  lience, a xenon lanp spectrum is f l a t t e n d  somewhat 

after re f lec t ion  from a l d d z e 3  surfaces, and t he  e f f ec t  can be 

qui te  significant if severdl ref lect ions occur. 

An lmgortant at‘itantage of the energy co l lec t ing  systems of 

the  type describe? f o r  the JPL and GE chambers can be mentioned 

here. It is that the  spectrum i n  t he  final beam can, at least in 

principle,  be control led by mixing lamps of d i f fe ren t  charscter is-  

t i c s .  It ha6 beer, swgeste?,  for e m p l e ,  t3at a mixture of about 

two-tnirds x e n o n ~ ~ ~ ~ r ~ n l e r c u r j r - ~ . ~  -.l =lt Sr 

a be t t e r  spectrum than obtainable with ei ther  lamp used  alone. 

- -~ -~ -  

One method of studying the  spectral distribution problem is 

by evaluating t h e  absorp t iv i t ies  of d i f fe ren t  naterials of i n t e re s t  

to t he  a f f e r e n t  syectra.  

measurements o r  by calculations which conbine reflectance data as 

a function of wavclen@h with the chosen spectra.  

calculated results fo r  some common spacecraft  surfaces have been 

col lected i n  t h e  following tsble: 

This can be done e i the r  by d i rec t  

A few t en t a t ive  



A!' 

:,lminum 
mirror 

Gold 

Aluninum s i l i con  
resin paint 

Zinc oxifie 
s i l i c o n  pint 

ASsorpti.vities of several naterials 
t o  rlifferent arc lz.? spectra  

0.100 

0.226 

0.247 

0 177 

Material 

Polished 
cl.umi num 0.235 

IQXe I Carbon 
arc 

I 
Obg7 I 0*99 

Ocg8  I 0*98 

Xe 

1.00 

1.05 

0.76 

1.02 

0.84 

1.00 

1.02 

0.94 

0.99 

1.01 

-_ 
---------- 

Further work is require?, but some conclusions already appear 

t o  be iwiicated: 

difference, but for others differences from solar absorptivity as 

high as 30-49$ mey occur. 

f a i r l y  acceptable for  most materials. 

by the table, t ha t  a mixture of mercury-xenon an5 xenon lamps 

could provide a better spectrum than e i t h e r  lamp used alone results 

from t h e  fact that sane materials having too high an absorpt ivi ty  

to the mercury-xenon spectrum have too low an absorpt ivi ty  t o  

t he  xenon spectrum. 

For some materials the spectrum malres l i t t l e  

Tne carbon-arc spectrum appears to be 

l h e  expectation suggesLed 

The general solut ion of the spectral distribution problen is 

not easy. me possibilities include: (a) mixing s o u c e s  i n  certain 

kinds of systems, (b) developiw new lamps or other  sources, 
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( c )  using carbon-arc sources in s p i t e  of their operational dioa4- 

vantages, an4 fd) f i l t e r ing .  

cwrse e3 unhappy one because it simply means throwing awf energg 

in systens where the efficiency is already extremely l o w .  

The prospect of fi l tering is of 
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simulation system proposed by Space Technology Labora- 



0.26 

0.24 

azo. 

c 

V 
I 
'- 0.16. 

E 
F 
N 

c 
- =P OJ2 

E 
Z 0 . M  
W c 
E 

0.04 

0 

l 

0.4 a 0 t 

Data obtained with 10 mm carbon electrodes 
and approximately 12 kw electrical input. 
Optics included a front-surfaced aluminum 
reflector and a quartz lens. 

WAVELENOTH (microns) 

_. _- 
Fig. 15. Spectral energy distribution of a carbon-arc lamp 
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Lamp was fully exposed to the measuring 
equipment. Thus, the energy measured 
includes electrode and bulb emissions as 
w e l l  a s  those of the heated and ionized 
Mercury and Xenon gases.  Measurements 
were performed in the range 0 .2  to 1 .4  
microns only. 
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Fig. 16. Spectral energy distribution of a mercury-xenon 

compact-arc lamp 
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equipment. Thus, the energy measured 
includes electrode and bulb emission as  
well  a s  those of the heated and ionized 
Xenon gas. Measurements were performed 
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Fig .  17. Spectral energy distribution of a xenon compact-arc,lamp 
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TI. SI&m,,ZTIOlI OF f"iL;!'LQO C ':3 PWJET 2iLFR!LU, PJLDI?!?ION 

%e t h e m n i  erlei-ij' origineting a t  a b o o  such a3 the  T A r t h ,  

Noon, o r  another planet c m s t i t u t e s  an important ;iip&t ir! ? h e  heai, 

balance of a nem sa",lilte o r  other s p c e c r a f t .  

of t h i s  energy con be ident i f ied.  One of' these, referrcd t o  as 

albedo, i s  that portion of t h e  incident s o l a r  r a c a t i o n  which i s  

reflected o r  sca t te re3  bgck in to  s p x e  by t h e  planet ' s  surface 

'an3 ntmospherc. Albedo ra Liation consists Qf ul t rav io le t ,  v i s ib le ,  

and infra-re? energy Ln about t h e  s m e  wn-.reler@h Dana as s d a r  

rrt l iat ion,  t ha t  is, from about 0.3 t o  4 microns. Tie second C X I -  

pment i s  referred t o  as "planet rcrliati on" or "plenet emission". 

This ener,sr consisLs of t:ie infra-red ra l i a t ion  associated w i t h  

:,he So+y by v i r tue  of i t s  tempern?ure, an3 t!ius appears i n  t h e  

wa-relength rstnge from about 4 or  5 microns out t o  h0 o r  50 microns. 

Two components 

The in tens i ty  of these radiations var ics  win3e1,y. Typical values 

oi' albe.10 are a h j u t  0.35 far Ekrth, 0.13 for t n e  )loon, 0.15 f o r  ;'am, 

and 9.70 f o r  Venus, but r rc tua l  values cad t n e  6yt'ctra.l distribution 

-iepend i n  d e t a i l  upon the  wa7relengt.h of the  irxwdng ra?i&tion and 

upon surface cmdi t ims  and c l o u  1 cover. ilc?ilitional variables to 

be cons i  !ere3 i n  es;iiaa?. i n 2  ttie e n e r a  reachin, :L s p r ~ ~ c c c m f t  i n c l d k  

the  ~ e l n " ~ l v e  positions of t h e  sm, plane$, rrnd :?acecraft, an3 of 

C Z L C ' G C  t?l€ c ! i  nce of t h e  spxec rcz t  frm t h e  bo3?; i n  qucstion. 

For t n i c t d  sate!lites i n  o r b i t s  a i'ew hltldred. 17ilt.s above t h e  Earth, 

t h e  to$al in tens i ty  of the Wen- re l a t e?  ra;?iation woul4 be a few 

tent i is  of t h e  i l i r ec t  s D l c z r  intensity.  Cmscquen$ly, i t  is by no 

c;tAnns negli@.ble.  In general, it c m  bc se id  tha; a l b e h  an.? p!,orie, 
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emission cons t i tu te  E signif icant  source of energy f o r  spacecrart  

c loser  than abouz one or t w o  d i m e t e r s  of t ne  reflcctinG bod,:. 

ConsiAering a l l  of the vnriablcs i r w n l - - ~ i ,  it Ls 2 1 2 ~ ~  i:iat 

t h e  requirenents for Girulation o r  t h i s  energy input w i l l  be 

peculiar t o  esc'n occasion, t h a t  is ,  t o  cach p r t i c u l a r  GpRcecraft 

an? t o  i t s  o rb i t  o r  t m 2 e c t o r y .  For t h i s  reason, rather v e r s a t i l e  

s k u l a t i o n  systems arc required. "he problem is ra ther  d i f fe ren t ,  

however, from t h a t  of s inulat ing so la r  ra4iat,ion. T?ie albedo znd 

planet m4iat ions a re  diff'used rather than collinate?, an3 t h e  

r e f l ec t ing  body will generally subtend a f a i r l j  large anEle I m m  

t h e  spacecraft  ( f x  example, about 135 4ee;rces i n  a 300-mile 

h r t \  orbik) .  TI:us, it wouJ.d appear t ' l a t  m y  sources, or  fewer 

ra ther  exten3ed sources, will be necessary t o  cover t h e  require4 

areas on the s p c e c r a f t .  A portion of t h e  albedo radiat ion i s  i n  

t h e  rcnge where some w-ter ia l s  8 re  se lec t ive  i n  dxorp t iv i ty ,  'out 

part of t h i s  energy m d  prol-a'Jly a l l  of t h e  plafiet infra-red redia- 

tion occurs in a m g e  where materials are L i k e l y  t o  have 8 flat 

spec t r a l  response. For these reasons, it is probably not necessary 

t o  be concerned about t he  m\elc=n@t'n df t h e  n r i t i f i c i a l  rz l ia t ion ,  

but simply t o  expect t h a t  adqua te  simulation will be 0btdr.e.i i f  

t he  proper enersy f lux  Is prduced. 

As an exmnle, tile arrxngerncnt proposefl f o r  t h e  :(Y;j.rk I A-ero- 

space S y s t m s  2nv!ror.ental C"lbc:r at  the fi%X is s h m n  i n  

Figure 1 ( f r o 2  Reference 4 ) .  

of bare tungsten fi lxnents a d  re f lec tors  nrrmge4 i n  modules 

araunfi t i e  tcst item. The on-off t i m e  of each f i l m e n t  i s  7ro- 

grzmwi t o  provide the p r q c  e n e r u  flux from each direct ion.  

It cons is t s  of a "birdcage ' cmiposed 
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1. UbeJo  a i3  ;?lnnct r r td ia t ion  s i n u l a t o r  f'or :.he bia1.k I facility 
at the A D C  



Albedo-Earthshine Simulator, Mark I 
- _. ~ 

_ _ _ - -  - - ---_ - 
Fig. 1. Albedo and planet radiation simulator for the Mark I 

__ ._ 

I facility at the AEDC 
I 


